Regional organ blood flow and resistance changes evoked after 10 minutes of electrical stimulation of pressor areas in the anterior hypothalamus were studied in six unanesthetized, restrained rhesus monkeys. Five other monkeys served as controls. The regional changes produced by stimulus intensities which did not affect systemic arterial pressure, central venous pressure, cardiac output, or pulse rate were similar to those produced by the stimulations at higher levels which significantly increased the levels of these variables. With both low and high levels of stimulation the fractions of cardiac output to skeletal muscle and chest wall were increased 51 and 146% at the expense of the output to the kidneys, skin, stomach, spleen, pancreas, mesentery, and thyroid which decreased 38 to 79%. In each of two monkeys tested, the marked rise in blood flow and vasodilatation of skeletal muscle was only slightly affected by atropine. Therefore, there is at least some hypothalamic control over skeletal muscular vasodilatation in the unanesthetized monkey that is not cholinergically mediated.
• An appreciation of the powerful role of neurogenic influences in initiating and integrating cardiovascular adjustment has developed over the past decade (1) (2) (3) . The hypothalamus is of particular interest in recent accounts of the central nervous system control of the circulation and previous hypotheses about the dominant role of lower brain-stem mechanisms have been questioned (4, 5) . Thus, it has been shown that areas in the anterior hypothalamus, at least in cats and dogs, are relay stations of cholinergic vasodilator sympathetic pathways originating in the motor cortex and bypassing the vasomotor areas in the medulla (6) (7) (8) . Electrical stimula-tion of these hypothalamic areas in anesthetized cats (9) or unanesthetized dogs (10) causes marked increase of blood flow to skeletal muscle while gastrointestinal, renal, and mesenteric beds show vasoconstriction and reduced blood flow. Stimulation of other nearby areas in the hypothalamus of anesthetized cats have been reported to evoke vasoconstriction in skeletal muscle as well as the kidney (11, 12) .
The presence of sympathetic vasodilatory function in skeletal muscle in primates is controversial. Uvnas has reported failure to find vasodilator responses in skeletal muscle in seven different species of primates (but not the rhesus monkey), either by stimulation of the hypothalamus or of peripheral sympathetics (13) . In unanesthetized human subjects Blair et al. concluded that the muscular vasodilatation that occurred during emotional stress was, at least partly, a cholinergically mediated response (14) . In a recent survey of the available literature on this subject Greenfield concluded that human muscle does have Circulation Research, Vol. XXVI, June 1970 784 FORSYTH some cholinergic vasodilator innervation, but its function has not been adequately defined (15) .
The present experiments were designed: (1) To test the hypothesis that electrical stimulation in different pressor areas of the anterior hypothalamus in unanesthetized rhesus monkeys will initiate a consistent regional redistribution of blood with or without effecting changes in systemic pressure, pulse rate, or flow; and (2) to determine whether the rhesus monkey has sympathetic vasodilator pathways to skeletal muscle and, if so, whether they are cholinergically mediated.
Methods
Experiments were performed in 11 male monkeys (Macaca mulatta) weighing from 3.5 to 8.1 kg. After giving sodium pentobarbital anesthesia, 30 mg/kg iv, sterile polyvinyl catheters were placed into the inferior vena cava and the abdominal aorta (below the renal arteries) through the external iliac vessels and retrograde into the left ventricle through the left common carotid artery. After the surgery the monkeys were placed in modified primate restraining chairs which were mounted inside sound-and lightprotected isolation booths (16) . The patency of each catheter, brought outside the booth from the umbilical area of each monkey, was maintained by slow (1.0 ml/hr), continuous infusions of 0.9% NaCl containing 5 USP units of heparin/ml. Three to seven days after the first operation, six of the monkeys were anesthetized as before, and two monopolar stainless steel electrodes (made from size 00 insect pins insulated at the tip with Insl-X) were stereotaxically implanted bilaterally into areas of the anterior lateral hypothalamus (17) . The electrode resistance varied from 10 to 20 kfl; stainless steel screws placed in the skull served as the indifferent electrode. Systemic arterial pressure and pulse rate were monitored while the electrodes were lowered; the electrodes were cemented into place when 100 to 200 /^amp root mean square (rms), 60 cps sine-wave current delivered to one of the two electrodes (the active electrode) and ground caused hypertension and tachycardia. The other electrode usually gave similar responses, but was not used so that the effects of unilateral stimulation could be studied. A small plug containing the leads from both electrodes and the ground was cemented to the skull. The skin was closed and the monkey returned to his restraining chair when he recovered from the anesthesia.
The day after the electrode implantation each of the six monkeys was tested to determine whether it would self stimulate, i.e., if it would work (push a lever) to receive 0.5 sec pulses of different intensities of electric stimulation to the active electrode and ground (18) . Systemic arterial pressures and pulse rate were continuously recorded during these sessions. After another 5 to 7 days, when it was ascertained that there was no obvious infection or edema, the experiments were performed. All experiments were done after the booth door had been closed for 1 hour; all procedures could be performed without physically disturbing the monkey. Observations of behavior were made through a small one-way mirror or a peep hole in the booth door.
Four of the experimental monkeys whose mean weight was 5.6 kg had similar protocols. On the first day the hypothalamus of each monkey was stimulated through the active electrode and ground for 13 to 16 minutes; the current, adjusted so that there were minimal systemic pressure and heart rate changes (low stimulation), ranged from 75 to 250 ftamp rms with 60 cps sine-wave current as measured by an AC microammeter. A similar protocol was followed the second day except that the current was adjusted in each monkey (from 130 to 700 /namp rms) so that there was definite hypertension and tachycardia without signs of distress or physical movements (high stimulation).
Two other monkeys (8.1 and 5.7 kg) had different protocols. They were stimulated for 15 minutes with enough current (300 and 350 ju,amp rms) the first day to give a substantial blood pressure and pulse rate response similar to the high stimulation condition. On the second day each was given 0.4 mg/kg atropine sulfate through the venous catheter 15 and 18 minutes before being stimulated with the same level of current in the same electrode as the previous day.
Five monkeys, weighing on the average 4.4 kg, who did not undergo the electrode implantation operation served as controls. They had the same hemodynamic measurements as the four experimental monkeys at matched time intervals without any other manipulation.
The distribution of cardiac output was determined at four or five different times during the experiments using the radioactive microsphere method of Rudolph and Heymann (19) . In the four monkeys in whom low and high stimulation was performed the distribution was measured before and 10 minutes after the start of stimulation. Five measurements were made during each of the two experiments on the effects of atropine. These were made before and during the first day's stimulation and, on the second day, before and after the atropine was given, and also NEURAL CONTROL OF REGIONAL BLOOD FLOW 785 10 minutes after the subsequent stimulation. Each time the microspheres were infused to obtain the distribution of cardiac output, 5 to 10 ml of venous blood was withdrawn and counted for radioactivity.
Details of the method, normal values, and reliability estimates obtained with the radioactive microsphere method in this preparation have been reported (20, 21) . Each time the distribution was measured a batch (5,000 to 10,000 beads containing 0.5 to 1.5 million counts/min) of 50/x, diameter plastic microspheres labeled with a different gamma-emitting nuclide (either 125 I, Mice, 5!Cr, S3 Sr, or 95 Nb) was injected over a 15to 20-second period through the left ventricular catheter. The spheres mix with blood in the left ventricle and travel with the blood until trapped in the arterioles of the end organs. The number of spheres in each organ or tissue is proportional to blood flow to it. Only about 0.1% of the arteriolar tree is embolized by each infusion; even the injection of four batches does not significantly alter subsequent flow to any organ (21).
Systemic arterial (Pa), central venous (Pv), and left ventricular end diastolic pressures (LVEDP) were measured throughout the experimental periods with Statham P23 Gb strain gauges which were placed at the same thoracic level as their respective catheter tips. Cardiac output (CO) was determined in duplicate by the method of Stewart and Hamilton using Indocyanine green dye injected into the left ventricle and a Waters X302 densitometer. Blood (usually 10 ml) was withdrawn at a rate of 10 ml/min and was returned after the dye curve was obtained. (The length of the tubing from vessel to cuvette was approximately 75 cm and the internal volume was approximately 1 ml.) The recordings were done on a Beckman Type R recorder. Total peripheral resistance was calculated as (Pa-Pv/CO; its units are mm Hg/(liter/min).
Values for arterial blood gas, pH, and hematocrit were also obtained before each microsphere infusion. Blood Po 2 and Pco 2 (corrected to 39° C) were measured with a Radiometer microelectrode unit using a glasscalomel electrode for pH, a Severinghaus-type electrode for CO 2 and a Clark-type electrode (Radiometer) for O 2 measurement.
After each experiment the monkey was anesthetized and an electrolytic lesion was made to mark the electrode tip. The monkey was then killed with more sodium pentobarbital. Twentytwo organs plus remaining miscellaneous tissue (so that total body counts could be obtained) were removed, weighed and placed in glass vials that were counted for 4 minutes each by a
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Nuclear Chicago scintillation counter. 1 A pulse height analyzer was set to divide the scintillation counter output into 100 channels of 10 kev. Each microsphere label has a distinctive gammaemission spectrum, and the radioactivity for each isotope in each organ was determined. Correction factors, determined by counting representative amounts of each isotope separately, compensated for the "spill-over" counts on those channels in which isotope energies overlapped.
The fraction of cardiac output to each organ at each of the determinations was the percent of radioactivity in that organ compared to the sum of the radioactivity of that isotope counted in all organs (total body radioactivity). The actual flow to each organ was the percent of cardiac output mixed portions (from 20 to 30%) of skeletal muscle, limb bone, skull and spine, and chest wall (which included both ribs and connecting muscle) were counted. Schematic diagram, redrawn from Snider and Lee (14) , of the anterior hypothalamic area of the monkey showing the sites of stimulation. Numbers 1-4 indicate the four monkeys on low and high stimulation; the monkeys who received stimulation before and after atropine are labeled 5 and 6. AV = anterior ventral hypothaiamus; DMH = dorsomedial hypothalamus; F = fornix; GP = globus pallidus; IC = internal capsule; LHA = lateral hypothalamus; NR = nucleus reticularis; OT = optic tract; 3V = third ventricle.
FORSYTH
to that organ times the cardiac output determined by dye dilution. Organ resistance was calculated as (Pa-Pv)/flow. Changes in the fraction of cardiac output, blood flow, and resistance per 100 g tissue that occurred during stimulation in the 22 regional organs in each monkey were expressed as a percent of the baseline measurement. Mean and median percent changes for each organ during the low and high stimulation periods were calculated for the experimental and control groups. Because of the skewed distribution of many of the measurements, the statistical differences compared to controls were evaluated with the nonparametric Mann-Whitney U-test (22). Significance at the P < .05 level with this test requires an almost complete separation of the experimental (N = 4) and control (N = 5) groups' percent changes.
Results
The locations of the stimulation sites of the six experimental monkeys are shown in Figure 1 . The systemic effects of low and high stimulation compared to the control group are given in Table 1 . These measurements were made just before the microsphere injections, before and 10 minutes after the stimulation had started. There were small variable changes in systemic arterial pressure and cardiac NEURAL CONTROL OF REGIONAL BLOOD FLOW 787 output during the low stimulation, while some tachycardia occurred in two of the four monkeys. During the high stimulation periods systemic arterial pressures and pulse rate rose to an immediate peak and then stabilized at slightly lower levels. At the time of the regional measurement, cardiac output, pulse rate, and mean central venous pressure, as well as systemic arterial pressures, were significantly higher than the control group. When the high stimulation was turned off there was bradycardia and hypotension which lasted from 2 to 5 minutes. All systemicmeasurements had returned to baseline levels 15 minutes after the stimulation ended. There were no significant changes between the control and experimental groups during either of the stimulation periods of Pao 2 , Paco 2 , pH, or hematocrit measurements.
The absolute values of the regional measurements at the baseline periods in the control and experimental groups were similar to the average values in monkeys already reported (20, 21) and are, therefore, not presented. There were no significant regional changes in the control group at any of the three latter microsphere infusions compared to the baseline values; these data have also been previously reported (20, 21) and are not repeated here. There were no significant differences in the six experimental monkeys between the baseline values of day 1 and day 2.
The organs in which significant changes occurred in the distribution of cardiac output, flow, or resistance per 100 g tissue during the low stimulation are presented in Table 2 . The percent of cardiac output (as measured by the distribution of radioactivity) in the stimulated group was significantly increased to skeletal muscle and chest wall (P < 0.05); significant decreases occurred in kidneys, skin, stomach, small and large intestines, spleen, pancreas, mesentery, and thyroid. Except for the stomach and intestines, there were corresponding significant changes in the calculated resistance in these organs. No significant changes occurred in the brain, lung (bronchial artery), liver (hepatic artery), adrenals, lymph nodes, fat, or tongue, which are not included in Table 2 . The significant regional changes due to the high stimulation are shown in Table 3 . Similar significant redistributional changes occurred FORSYTH except that the small and large intestines failed to reach statistical significance. In addition, the fraction of cardiac output decreased significantly to lymph nodes, fat, and tongue, while the diaphragm increased. Again, no significant changes occurred in the brain, bronchial artery flow to the lung, hepatic artery flow to the liver, or the adrenals. The absolute amounts of blood flow to selected regional beds showing the most changes are given in Table 4 . Different parts of the brain (left and right cerebral hemispheres, cerebellum, diencephalon, and the brain stem) showed little change during either low or high stimulation periods. Subdivisions of the heart were also unchanged at low stimulation. At high stimulation the fraction of cardiac output received by the left ventricle tended to have a higher percent change from baseline (+40%) than did the septum (+24%), right ventricle (+16%) or atria (-12%). At both levels of stimulation the coronary arteries had a significantly higher blood flow and lowered resistance, although the increase in the fraction of the cardiac output did not reach statistical significance.
The regional changes due to the unilateral stimulation occurred bilaterally. There were very similar changes in the fraction of cardiac output received by the ipsilateral and contralateral cerebral hemispheres and kidneys, while slightly greater changes (nonsignificant) were seen in the contralateral parts of limb skeletal muscle, skin, and bone compared to the ipsilateral responses. At the high, but not the low, stimulation the changes in blood flow to skeletal muscle in the limbs were uniformly greater than to skeletal muscle in the head and trunk areas. These results indicate there may have been some increased contraction of limb muscle during the high stimulation period. The small number of stimulation sites reported in this study made it impossible to evaluate small differences in the recorded variables between left-and rightsided hypothalamic stimulation.
The first day high stimulation of the two other experimental monkeys was similar, as shown in Table 5 , to the high stimulation given the other four monkeys. On the second day, after the cholinergic blocking drug atropine was given, there was little change in the systemic measurements except that the pulse rate rose on an average of 128% of baseline. However, 67 59 4 17 'Combined flow to the stomach, small and large intestines, and cecum. the atropine did cause some marked change in brain (65%), liver (hepatic artery) (67%), the distribution of cardiac output; the fraction thyroid, and kidneys. The postatropine stimudelivered to the heart, chest wall, diaphragm, lation caused similar directional changes as mesentery, lymph nodes, and skeletal muscle compared to day 1 stimulation except for the (to a smaller extent) increased at the expense gastrointestinal tract, chest wall, diaphragm, of lung (bronchial artery) (55% of baseline), and tongue. In each of these organs the 
Percent changes compared to respective baseline values in the fraction of cardiac output in selected organs during low and high stimulation and during high stimulation after atropine) injection.
atropine had caused changes that were similar in direction and magnitude to the control stimulation; the postatropine stimulation then caused little further change. The responses of some selected organs during low and high stimulation, compared to their respective baselines, and during high stimulation, compared to measurements made after the atropine injection, are summarized in Figure 2 . Skeletal muscle resistance in these two monkeys fell to 52% of the baseline values during the first day's stimulation, much like that of the other four monkeys. After the atropine injection skeletal muscle resistance fell to an average of 87% of the second day's baseline and stimulation caused another fall to 58% of the postatropine measurements.
There was very little (<0.002% of the injected dose) radioactivity in any of the venous blood samples collected during and after the microsphere infusions. The fraction of radioactivity in the lung also never rose during any of the stimulation periods, compared to baseline. Thus, there was no indication that, either before or during stimulation, the microspheres had been shunted through arteriovenous channels into the right side of the heart.
Three of the six experimental monkeys (1, 4, and 6 on Fig. 1 ) worked to receive electrical stimulation through their active electrode and ground. All three of these monkeys continued bar pressing to receive stimulation at intensities which, similar to the low stimulation condition, did not raise their levels of arterial pressure or pulse rate. The regional organ changes later found in these three monkeys were statistically indistinguishable from the other three monkeys who would not self stimulate.
The four monkeys receiving the low intensity stimulation did not show any behavioral indication that they were aware of the stimulus. During periods of the higher intensity stimulation all six monkeys showed signs of behavioral arousal, similar to the alerting pattern reported during the early stage of the defense reaction (8) .
Discussion
The methods used in this report permit quantitative serial measurements in many organs and tissues without the complicating factors of anesthesia or recent surgery. The method, however, does not allow continuous flow measurements in any one organ as do electromagnetic flowmeters or optical drop recorders. Thus, the data obtained in this study miss any early transitory regional changes and are not directly comparable to previously mentioned studies (6) (7) (8) (9) (10) (11) (12) . The cholinergically mediated vasodilatation in skeletal muscle has been reported to last about 1 minute or less when sympathetic nerves (23-25) or the hypothalamus (9) is stimulated. However, a secondary sustained form of dilatation in dog hindlimbs evoked by stimulation of the lumbar sympathetic trunk has been reported to be maintained throughout the stimulation period in anesthetized dogs previously treated with agents which prevented the release of norepinephrine. This sustained vasodilatation was not abolished by atropine and was thought to be mediated by an independent nerve system and other than cholinergic neurohumoral agents (26). The data from the monkeys appear to be more directly related to this secondary sustained noncholinergic system, which in the unanesthetized primate can apparently be strongly evoked without adrenergic antirelease or depleting agents.
The effects of the various anesthetics and other drugs used in many previous studies of regional changes occurring during hypothalamic stimulation also make direct comparisons with this study difficult. Anesthetics are known to have profound effects on the cardiovascular system and have important predisposing actions on hormonal and cardioregulatory function. For example, several studies have noted that general anesthesia suppressed regional responses that could be evoked with electrical stimulation in lightly anesthetized or conscious animals (9, 27) . Using the same preparation as in the present report, we have found that an anesthetic dose (30 mg/kg) of sodium pentobarbital dispro-
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portionately reduces blood flow to the brain and skeletal muscle to less than half of what is found in the awake monkey (28).
The present study was not designed to directly evaluate the role of the aortic and carotid baroreceptors in the response to the hypothalamic stimulation. The data do indicate that the threshold for regional redistribution is much lower than that for changes in systemic pressure, cardiac output, or pulse rate. Except for a few smaller organs (lymph nodes, fat, tongue, and diaphragm) the regional changes were as consistently influenced by stimulation that did not or only minimally affected systemic measurements as did the high stimulation. The lack of bradycardia either during or after the stimulation suggests the regional changes seen during the low stimulation periods were the direct results of sympathetic activity and possible hormonal responses, rather than being secondary to reflex mechanisms activated by a rise in systemic arterial blood pressure. Unless different mechanisms for the changes during low and high stimulation are involved which give very similar results, it seems likely that the arterial baroreceptors were inactivated or antagonized during the periods of high stimulation. More investigation of the role the baroreceptors play in affecting the regional distribution of blood flow is needed before confirmation of this point can be made.
A hypothalamic neural mechanism that may act to inhibit the carotid sinus baroreceptor reflex has been reported (29). Gebber and Synder have recently confirmed that stimulation of widely separated areas in the lateral and posterior hypothalamus evoke both a pressor response and simultaneous inhibition of baroreceptor-induced vagal activation. However, the baroreceptor control of central sympathetic outflow remain functionally important during the hypothalamic stimulation (30). In view of these results it is feasible that baroreceptor-mediated influences were important in the regional flow responses even during the low stimulation conditions when there was no evidence of bradycardia. The fact that in each monkey tested with high stimulation 7 9 2 FORSYTH there was some diminution of the blood pressure and pulse rate increase after an early peak is consistent with the idea that the baroreceptors were modulating central sympathetic outflow.
Despite the varied location of the electrical stimulation there were remarkably similar flow changes in most organs in the monkeys studied. In the organs that were significantly affected ( Tables 2 and 3 ) there were no qualitative differences in the pattern of responses in any of the four monkeys tested. These results also agree with what other workers have found with short periods of electrical stimulation of the posterior hypothalamus and mesencephalic reticular formation in the rat (31), in the fields of Forel and the periventricular grey of the third ventricle in the dog (32), and with stimulation of hypothalamic areas that evoke a behavioral defense reaction in cats and dogs (6) (7) (8) (9) .
However, two studies have reported different patterns of regional changes evoked by stimulation in closely situated areas of the hypothalamus. Feigl found in the anesthetized cat that most of the sites tested, giving pressor responses to stimulation, caused vasoconstriction in muscle, kidney, and intestine; other sites gave the cholinergic muscular vasodilatory response (11) . Folkow and Rubinstein found that stimulation in areas of the lateral hypothalamus in anesthetized cats that induced eating in the awake animal would increase intestinal blood flow and moderately reduce muscle blood flow. Stimulation of ventral areas that elicited a defense reaction in awake cats reduced intestinal and increased muscle blood flow. Both areas when stimulated gave pressor responses (12) . The differential responses reported in these two studies were not seen in the monkey data; however, the relatively few areas explored in the present study may be responsible for the discrepancy. It is also possible that either species differences or the very different preparation and measurement techniques used in these studies, compared to the present report, were responsible for the conflicting results.
The observed distributional changes due to neural stimulation do not, necessarily, reflect the nutritional demands of the different tissues. It is also unclear, in both this and other studies not employing muscle curarization, to what extent the increase of blood flow to skeletal muscle might have been influenced by small muscular contractions that did not lead to overt movements. However, the basic similarity of these systemic and regional responses to those obtained during exercise (32) and emotionally stressful situations (33, 34), both of which can be behaviorally conditioned (2, 35) , supports the hypothesis that these neural structures are intimately connected with the initiation and integration of autonomic function and associated somatic behavior.
The rise of systemic arterial pressure during the high stimulation was entirely due to the increased cardiac output, which in turn was entirely a function of pulse rate; total peripheral resistance and stroke volume remained essentially unchanged. A similar pattern of systemic responses which was preceded by a transient increase in total peripheral resistance has been reported by Folkow et al. with brief stimulation of the hypothalamic defense area in the cat (9) . Few of the other previously mentioned studies have measured the total peripheral resistance changes occurring during hypothalamic stimulation. Respiratory rate at this time, but not during the low stimulation, was significantly faster. Total ventilatory volume, however, was not measured. An increase of blood flow to the chest wall and diaphragm occurred at both levels of stimulation.
Antimuscarinic agents such as atropine are known to functionally interrupt postganglionic cholinergic nerves resulting in sympathetic dominance. Atropine can also have important effects on the central nervous system. Little information is available on the regional changes evoked by atropine; the limited data available in this report suggest that atropine mimics some of the changes occurring with the hypothalamic stimulation. In both cases heart, skeletal muscle, chest wall, and dia-phragm were vasodilated to varying degrees, but kidney, gastrointestinal tract organs, and thyroid vasoconstricted. However, in contrast to the stimulation-induced responses, there was little change in the skin, spleen, pancreas, or fat due to the atropinization and the brain, lung (bronchial artery), and liver (hepatic artery) were vasoconstricted.
The systemic responses to high stimulation after atropine were quite similar to the first day's stimulation, except that the increase in pulse rate was less than half of the control increase. The diminution of the stimulation effect may have been mainly because of the 28% increase in pulse rate due to the atropine itself. The accumulative-effect of both atropine and stimulation on pulse rate was very similar to the first day stimulation which is probably near the possible physiological limit.
The marked increase in the fraction of cardiac output and fall in resistance in skeletal muscle during high stimulation was only slightly affected by a blocking dose of the cholinergic blocking agent atropine. This suggests that at least part of the neurally controlled sympathetic vasodilatation in skeletal muscle in the rhesus monkey is only minimally, if at all, affected by cholinergic transmitters. Other investigators have concluded that skeletal muscle vasodilatation in man might be due to both an inhibition of the secretion of norepinephrine and simultaneous liberation of histamine as the neurotransmitter substance (36).
The main finding of this investigation is the remarkable consistency of the redistribution of cardiac output after 10 minutes of two different levels of stimulation in widely diverse pressor areas of the anterior hypothalamus of the unanesthetized primate. It is apparent that the threshold of the stimulation levels needed to produce these changes are lower than that needed to produce systemic changes. Further, the data indicate the primate does have sympathetic vasodilatory function in skeletal muscle, at least after long periods of stimulation; although more confirmatory data is needed, it appears that this vasodilation is not entirely mediated by 
